Using rapid amplification of cDNA ends (RACE)-PCR, two full-length cDNAs encoding putative seven-transmembrane receptors (designated Gh7TMpR1 and Gh7TMpR2) were cloned from cotton plants. Southern blot and an ApaL1 restriction site polymorphism analyses revealed that Gh7TMpR1 was derived from the ancestral A diploid genome, while Gh7TMpR2 was from the D subgenome. Northern blot hybridization indicated that both Gh7TMpR1 and Gh7TMpR2 were expressed preferentially in the elongation phase of fiber development. Majority of the Gh7TMpR1 proteins were located within the membrane structure and displayed a punctuate pattern of distribution. Overexpression of Gh7TMpR1 in fission yeast disrupted the polar growth and caused the formation of rounded cells. These results suggest that GhT7MpR1 may play a critical role in cotton fiber development, perhaps as a signaling receptor that is involved in controlling fiber elongation.
Introduction
Seven-transmembrane (7TM) proteins possess seven membrane-spanning regions named transmembrane helices. A large number of 7TM proteins have been identified in animals in which they function as cell-surface receptors and play a pivotal role in signal transduction. Most of the 7TM proteins are recognized as G-protein-coupled receptors (GPCR) because they transduce extracellular signals into responsive cellular processes through heterotrimeric G-proteins [1] .
Although 7TM receptor protein was less studied in plants as compared to animals, great progress has been achieved towards understanding their roles in plant cells during recent years. AtGCR1, encoding a putative GPCR and having a high amino acid sequence similar to Dictyostelium discoideum cAMP receptors, was identified in Arabidopsis [2, 3] . It was found to interact with the sole heterotrimeric G-proteins a subunit (Ga) GPA1 and to participate in abscisic acid (ABA) signaling [4] . Another seven-transmembrane G-protein-coupled receptor in Arabidopsis, GCR2, was shown to bind ABA at physiological concentrations and acted as a plasma membrane ABA receptor [5] . More recently, a novel seven-transmembrane protein (AtRGS1) was isolated from Arabidopsis. It contains a predicted structure resembling GPCR as well as an RGS box with GTPase accelerating activity and plays a critical role in modulating cell proliferation [6] . Apart from the above individuals, a 7TM protein family consisting of at least 15 genes related to barley mildew resistance locus O (MLO) has been isolated from Arabidopsis [7] . The barley MLO protein was shown to have the 7TM topology and negatively regulate defense against powdery mildew and cell death by interaction with calmodulin [8] [9] [10] . Moreover, the heptahelical protein (HHP) family representing a novel group of 7TM-containing proteins has been reported recently [11] , and a total of 394 highly-divergent seventransmembrane receptors have been predicted from the Arabidopsis thaliana genome using multiple protein classification methods [12] . Together, the abundance and divergence of Arabidopsis 7TM receptors point to the importance and complexity of signaling processes mediated by this family of proteins in the plant.
The upland cotton (Gossypium hirsutum) is an allotetraploid derived from polyploidization between A and D subgenome ancestors. Cotton fiber is a single and highly elongated ovule epidermal cell. The development of cotton fiber can be divided into four overlapping stages: initiation, elongation, secondary cell wall synthesis and maturation [13] . Fiber elongation starts on the day of anthesis and progresses for 20-30 days. Due to the long duration of cell elongation and the lack of complication of cell division, cotton fiber is considered as a unique system for studying the mechanisms controlling plant cell expansion [14] . To date, however, our knowledge on the signaling pathway that controls fiber elongation is limited.
In this work, we identified two putative seven-transmembrane receptors (designated Gh7TMpR1, Gh7TMpR2) from G. hirsutum. We showed that expression of Gh7TMpR was correlated positively with the elongation of the fiber cells and overexpression of the gene in yeast caused a defect in the polar growth of the transgenic cells. Our results suggested a role of Gh7TMpR1 in the signaling process responsible for fiber elongation.
Materials and methods

Plant materials
The allotetraploids cotton species used in this study were G. hirsutum ([AD] 1 genome) and Gossypium barbadense ([AD] 2 genome). The diploid A genome species were Gossypium arboretum and Gossypium herbaceum, and the diploid D genome species were Gossypium raimondii, Gossypium davidsonii and Gossypium aridum. Cotton plants were grown in the field, the tissue/organ materials were collected as previously described [15] .
Cloning of the full-length Gh7TMpR cDNAs and DNA gel-blot analysis
Total RNA extraction and rapid amplification of cDNA ends (RACE) were performed as described by Gao et al. [15] . The transmembrane-region prediction was based on the HMMTOP algorithm [16] . Genomic DNA was extracted from cotton leaves using the DNeasy Plant Maxi Kit (Qiagen). Southern blot analysis was performed as described in Gao et al. [15] .
Analysis of gene presence in diploid and tetraploid Gossypium
PCR fragments were generated from the genomic DNAs extracted from different cotton species and fiber cDNAs with the oligonucleotide primers as follows: forward-(5 0 C GATTCTCGCTACATCCAGCA3 0 ) and reverse-(5 0 ATA AAAGG CCCAGTTTCCCCG3 0 ). The products of each PCR reaction (10 ll) were then digested with ApaL1 (Takara) at 37°C for 3 h. Samples were separated on 1.5% agarose gel that were then stained with ethidium bromide and photographed.
Northern blot analysis
Total RNAs (15 lg per sample) were denatured and fractionated by electrophoresis on 1.2% formaldehyde gels. The RNAs were transferred onto nylon membranes (Hybond-N + , Amersham, UK) by capillary transfer. After pre-hybridization for 2 h at 65°C in Church buffer (7% SDS, 1% BSA, 1 mM EDTA, 250 mM phosphate buffer), the blots were hybridized for 16 h with 32 P-labeled probes derived from ORF of Gh7TMpR1 cDNA, then washed several times at 65°C and exposed to X-ray films for autoradiography. The 18S rRNA was used to monitor the quantity of the RNA loaded.
Subcellular localization of Gh7TMpR1
The Gh7TMpR1 ORF was fused to the 5 0 end of the coding region of green fluorescent protein (GFP), and the fragment was subcloned into the pPZP111 expression vector under control of the cauliflower mosaic virus 35S promoter. Two micrograms of the plasmid construct was used to coat gold particles, and the plasmid containing GFP alone was used as control. The onion innerlayer of the epidermis was peeled and bombarded by a gene gun using the plasmid-coated gold particles (PDS-1000/He, Bio-Rad). Cells were observed using a laser scanning confocal microscope (Leica).
Overexpression of Gh7TMpR1 in Schizosaccharomyces pombe
The fission yeast S. pombe Q-01 was used in the study. The cDNA of Gh7TMpR1 was cloned into the S. pombe/ Escherichia coli shuttle vector pREP1 containing a thiamine repressible promoter nmt-1. The recombinant plasmid was transformed into yeast cells by electroporation. Cells from the selected clone were grown in minimal medium containing 2 lM thiamine to mid-exponential phase, then washed three times with the minimal medium without thiamine to derepress the nmt-1 promoter, and then incubated at 28°C for 20 h to express the proteins. The morphological changes of yeast cells were examined by microscopic observation.
Results
Cloning of Gh7TMpR genes and sequence analysis
In a previous study, we identified a total number of 64 cDNA fragments representing fiber-specific genes from G. hirsutum using SSH method [15] . Among them, a cDNA fragment with a weak sequence homology to human GPCR107 was selected for further study. 5 0 RACE and 3 0 RACE experiments were performed to clone the full-length cDNA. The resulting full-length cDNA products turned out to represent two different genes because there were a 23-nucleotides difference in their open reading frames (ORFs) and an eight amino acids difference between their predicted protein sequences (Fig. 1) . A BLAST search indicated that they belonged to the seven-transmembrane receptor superfamily and shared a high degree of homology with several expressed proteins, including At3g09570, At5g18520 and At5g02630 in Arabidopsis and two unknown proteins in rice (Os01g0836800 and Os05g0462500) (Fig. 1) . Both of the predicted proteins contained an N-terminal signal peptide, a large extracellular domain and a 7TM domain in the C-terminal region. Based on the presence of these characteristic domains of 7TM proteins, we designated the two genes as Gh7TMpR1 and Gh7TMpR2 (where p indicates putative). Protein sequence alignment indicated that Gh7TMpR1 and Gh7TMpR2, together with other plant 7TM proteins, shared low similarity with lung seven-transmembrane receptor family in the transmembrane motif. Thus, it appears that this family of plant 7TMpRs was diverged from the known metazoan GPCRs.
Genomic organization of Gh7TMpR genes
Southern blot analysis of G. hirsutum genomic DNA using Gh7TMpR1 cDNA as a probe revealed two strong bands in EcoRI-digested genomic DNA (Fig. 2(a) ). Several bands appeared in the lanes loaded with EcoRV-or HindIII-digested DNA samples (Fig. 2(a) ). Despite the presence of an EcoRV and a HindIII site within the Gh7TMpR1 and Gh7TMpR2 cDNA sequences, the generation of multiple hybridization bands suggested that 7TM proteins were encoded by a multigene family in G. hirsutum.
Gossypium hirsutum and G. barbadense are two cultivated tetraploids species, and both contain two distinct subgenomes (A and D) from the diploid ancestors [17] . Southern blot analysis was conducted to see the distribution of 7TM in these genomes. As can be seen in Fig.  2(b) , the tetraploid G. barbadense had a comparable hybridization pattern as G. hirsutum. On the other hand, hybridization result from G. herbaceum and G. aridum diploids ( Fig. 2(b) ) indicated that each of the A and D subgenomes possessed 7TM gene (s).
Genomic origin of the two Gh7TMpR genes
The genomic origin of Gh7TMpR1 and Gh7TMpR2 was determined. One simple difference that distinguishes Gh7TMpR1 from Gh7TMpR2 is the transition at nucleotide 645 of Gh7TMpR2 cDNA, which creates an additional ApaL1 restriction site (GTGCAC) in the cDNA (nucleotides 645-650). If Gh7TMpR1 and Gh7TMpR2 contain no intron, as reported for 7TM genes in other plants, DNA fragments amplified from genomic DNA with common primers for the two genes and digested with ApaL1 should yield a 615 bp fragment from Gh7TMpR1 and two fragments of 306 bp and 308 bp from Gh7TMpR2, respectively. PCR experiments with genomic DNAs from different genotypes were performed. As shown in Fig. 3 , a PCR product of about 600 bp amplified from Gh7TMpR genes appeared in all the genotypes. After adding the restriction enzyme ApaL1, the fragments from diploid species with A genome remained undigested, whereas those from the diploids of D genome were digested into fragment (s) of 300 bp, and the AD allotetraploids exhibited a composite of A and D results. Therefore, Gh7TMpR1 and Gh7TMpR2 were evolutionarily derived from A and D genomes, respectively, and were alloallelic genes in the allotetraploid species.
Expression pattern of Gh7TMpR genes
Tissue-specific expression pattern of Gh7TMpR genes was examined by Northern blot analysis using DNA fragment of Gh7TMpR1b ORF as hybridization probes. Fig.  4(a) shows that Gh7TMpR genes were preferentially expressed in cotton fiber cells. At the beginning of fastest expansion period (9 DPA, days post-anthesis), the gene transcripts started to accumulate and lasted until the end of the elongation stage (24-27 DPA).
As the Gh7TMpR1 ORF radioactive probes used in Northern blot analysis could hybridize both the Gh7TMpR1 and Gh7TMpR2 mRNAs and even other homologs, RT-PCR was subsequently conducted to dissect the expression levels of the two genes using the method described above for the A and D form Gh7TMpR analysis. As shown in Fig. 4(b) , Gh7TMpR1 and Gh7TMpR2 contributed approximately equally to the level of Gh7TMpR transcripts in fiber cells.
Due to the high homology in the protein sequences of Gh7TMpR1 and Gh7TMpR2 and the similarity in their expression behaviors, only Gh7TMpR1 was chosen for subsequent studies.
Subcellular localization of Gh7TMpR1
As Gh7TMpR1 is a putative transmembrane receptor, the subcellular localization of Gh7TMpR1 was determined. Confocal microscopy showed that while free GFP proteins distributed throughout the cell, the Gh7TMpR1-GFP fusion proteins resided mainly within the plasma membrane with a punctuate pattern (Fig. 5(a) ). This subcellular localization of Gh7TMpR1 is consistent with a possible receptor role of the protein, as expected from its amino acid sequence. Similar subcellular distribution pattern has also been found with some mammalian GPCR-GFP and AtGCR1-GFP fusion proteins [18, 19] .
Effect of Gh7TMpR1 overexpression on yeast cell morphology
The fission yeast has been used to evaluate the cellular roles of many conserved plant genes. To probe the in vivo function of Gh7TMpR1, we carried out a pilot experiment using the fission yeast system. Gh7TMpR1 cDNA was cloned into the yeast expression vector pREP1 under control of the repressible promoter nmt-1 and the resulting plasmids were transformed into yeast cells. Expression of Gh7TMpR1 was induced by removing thiamine from the medium and phenotype of the yeast cells was examined under a microscope. As shown in Fig. 6 , overexpression of Gh7TMpR1 resulted in dramatically morphological changes of the transgenic cells. Majority of the cells became shorter and even rounded, in contrast to the elongated, rod-shaped control cells. This result demonstrated that ectopic overexpression of Gh7TMpR1 had a strong effect on the polarized growth of the yeast cells.
Discussion
Seven-transmembrane (7TM) proteins/GPCRs form a large receptor superfamily in animals. In plants, accumulating number of 7TM receptors have been reported and some of them were found to play critical roles in the plant hormone-mediated signal transduction [4, 5] . In this report, two putative seven-transmembrane receptors were isolated from cotton. The low similarity of Gh7TMpR with human lung seven-transmembrane receptors and the conservation of 7TM proteins in diverse plant species suggest that these proteins may exert unique functions.
Gossypium species are recognized as a useful system for studies of polyploidy. Polyploidization between an A genome diploid and a D genome diploid about 1.5 million years ago created an AD tetraploid lineage [17] . Our results show that the Gh7TMpR1 locates in the A subgenome, whereas Gh7TMpR2 resides in the D subgenome of upland cotton. Because the location of Gh7TMpR genes on A or D subgenome can be distinguished by the unique ApaL1 site, it is possible to use these sequences as an RFLP marker that is specific for each subgenome.
Subcellular localization of GFP-tagged Gh7TMpR1 shows that majority of the Gh7TMpR1-GFP proteins are distributed within the plasma membrane. This distribution pattern is in accordance with the possibility that Gh7TMpR1 functions as a receptor. Another interesting result we observed is the punctuate distribution of Gh7TMpR1-GFP proteins. Recently, a plant cell-surface receptor (GCR1) was also found to show a punctuate pattern of distribution in Arabidopsis suspension cells [19] . The significance of such a subcellular localization feature of 7TM proteins deserves further investigation. Apart from plasma membrane, some of the Gh7TMpR1-GFP proteins are also distributed in the cell cortex. Likely, recent studies on metazoan GPCRs revealed that some GPCRs are not confined to the cell-surface as earlier thought, but are located throughout the cell cortex [18] . However, because expression of Gh7TMpR1-GFP was driven by the 35S promoter in our subcellular localization experiment, we cannot rule out the possibility that these distribution characters of Gh7TMpR1-GFP proteins were due to their ectopic overexpression.
Cotton fiber is a highly specialized single cell. Although many cotton fiber-specific/preferential and developmentalregulated genes have been identified, little is known about the signal transduction pathway involved in fiber development. Gh7TMpR transcripts are enriched in developing fibers during the elongation stage. Such expression manner suggests that Gh7TMpR proteins may play a role in signal transduction during fiber growth. To support this speculation, we observed that overexpression of Gh7TMpR1 in fission yeast led to formation of rounded cells, indicating a defect in the polar growth of the transgenic cells. This phenotype could be due to a dominant negative effect of overproduced cotton 7TM proteins of the higher plant in the yeast. Ectopic overexpression of Gh7TMpR1 may disturb the signaling pathway that controls the polar expansion of the yeast cell. It is intriguing in our future studies to assess the receptor role of Gh7TMpR proteins, to identify their ligands and downstream effectors, and the relevant physiological responses mediated by these molecules.
